A human hepatocellular carcinoma cell line (Huh6-c15) was transfected with a recombinant DNA molecule that consists of tandemly arranged hepatitis B virus (HBV) genome and a neomycin-resistant gene. One done resistant to G-418 produces and releases surface antigen and e antigen into medium at a high level and accumulates core particles intracellularly. This clone has a chromosomally integrated set of the original recombinant DNA and produces a 3.5-kilobase transcript corresponding to the pregenome RNA as well as HBV DNAs in an extrachromosomal form. Most of these DNAs were in single-stranded or partially double-stranded form and were packaged in the intracellular core particles. In the medium, particles were detected that contained HBV DNA and were morphologically indistinguishable from Dane particles. These results demonstrate that the HBV genome in an integrated state acted as a template for viral gene expression and replication. The cells were maintained for more than 6 months without losing the ability to produce the extrachromosomal HBV DNA and Dane-like particles. Thus, the cells can be used as a model system for analyses of gene expression and DNA replication of HBV in human hepatocytes.
Hepatitis B virus (HBV) is a causative agent for hepatitis. The viral genome can integrate into patients' liver cell chromosomes, and a significant fraction of such patients later develop hepatocellular carcinoma (1) . Therefore, studies with this virus on the mechanism of regulation of gene expression and replication are of substantial importance in virology as well as in public health. However, such studies have been hampered since neither experimental animals nor cell culture systems that are susceptible to infection with this virus have been available (2) .
Many efforts have been made to establish a cell system that allows replication of this virus. Macnab et al. (3) , Yoakum et al. (4) , and Marquardt et al. (5) have used hepatocellular carcinoma-derived cell lines and observed that they produced HBV surface antigen (HBsAg) and some HBV core antigen (HBcAg), although under limited circumstances. Hirschman et al. (6) described HeLa cells that transiently produced HBV-like particles when transfected by recircularized HBV DNA. Elfassi et al. (7) reported that lymphoblastoid cells obtained from a bone marrow aspirate of an acute HBV patient maintained viral DNA in an extrachromosomal form and produced virus-like particles. However, these systems all worked only under limited conditions and therefore are not suitable for molecular studies on the HBV expression and replication. Many attempts have also been made to find animal systems that mimic the infection process of HBV. Woodchuck, ground squirrel, and Peking duck are the only animals that allow multiplication of HBV-like virus. An important finding that emerged from these studies is the suggestion that this virus might replicate by using reverse transcriptase (8) (9) (10) .
Through these and other works, the following mode of HBV replication has been proposed (1, 8, 10) : The viral genome DNA, which is a partially double-stranded circular molecule in a virion (11) , is converted into a covalently closed circular molecule upon infection. The circular molecule is transcribed in such a way as to produce two main species of mRNA, 2.1 and 3.5 kilobases (kb) in size (12) , that are translated to form viral-specific proteins, HBsAg and HBcAg, and presumably other proteins called X and Pol predicted from the open reading frames. The transcription of the 3.5-kb mRNA is initiated from upstream of the HBcAg gene, goes around the genome and is terminated after forming =100-base terminal redundancy (9) . Summers and Mason (8) first showed with duck hepatitis virus that the same transcript is a "pregenome" that is reverse-transcribed presumably by the Pol protein (13) . The first product of the reverse transcriptase action is the minus strand of the viral DNA. It then serves as a template for the synthesis of a plus strand by the same polymerase, but this reaction often terminates before completion, resulting in the formation of partially doublestranded DNA. To elucidate a detailed mechanism of HBV propagation in hepatocytes, a cell culture system was needed that allowed replication of this virus under controlled experimental conditions.
We report here a cell line that continuously produces HBV-like particles. A cultured human hepatoma cell line, Huh6-c15 (14) , was used and was transfected with tandemly arranged HIBV DNAs. The viral DNA has been integrated into a cellular chromosome, but the tandem structure ensures the genomic continuity. The cell line was stably maintained, and the integrated viral genome produced mRNAs of defined size, viral antigens, and viral DNAs.
MATERIALS AND METHODS
Cell Culture and DNA Transfection. A human hepatoma cell line, (14) , of 105-110 passages was used. The cells maintained phenotypes of differentiated state of liver cells, including production of albumin, prealbumin, a,antitrypsin, ceruloplasmin, fibrinogen, fibronectin, haptoglobulin, hemopexin, f3-lipoprotein, a2-macroglobulin, /32microglobulin, transferin, complement components 3 and 4, and a1-fetoprotein, but they carried neither HBV antigens nor a fraction of HBV DNA (unpublished results). The cells were propagated in Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% calf serum and antibiotics (100 units/ml each of penicillin and streptomycin) at 370C in 5% C02/95% air. Transfection was done essentially as described (15): 2.5 x 105 Huh6-c15 cells in 100-mm dishes were exposed for 8 hr at 370C to the CaPO4 gel containing 2 jig of 3HB-neo DNA (see Fig. 1 ). The cells were then washed, and they were incubated with fresh medium for 48 hr. G-418 (GIBCO; 0.4 mg/ml) was added (16) and the medium was changed at intervals of 3 days. Colonies resistant to G-418 appeared after =40 days. They were isolated and repeatedly propagated in a large scale in the same medium with 0.2 mg of G-418 per ml for further analyses.
DNA and RNA Preparations from Cells. Cellular DNA was prepared from 3 x 107 cells suspended in 2 ml of the lysis buffer (10 mM Tris-HCl, pH 7.8/1 mM Na2EDTA/0.1 M NaCl), lysed with 1% NaDodSO4 and Pronase E (1 mg/ml; Kaken-Kagaku, Tokyo), and incubated at 370C for 3 hr. It was then incubated with RNase A (0.1 mg/ml; Sigma) at 370C for 1 hr, treated twice with phenol/chloroform (1:1, vol/vol), precipitated with ethanol, and dissolved in 10 mM Tris HCl, pH 7.8/1 mM Na2EDTA. Extrachromosomal DNA was prepared from 1 x 108 cells as described by Hirt (17) . The extracted DNA was incubated at 37°C for 1 hr with Pronase E (1 mg/ml), treated with phenol/chloroform, and precipitated with ethanol as described above. Poly(A)+ RNA was extracted from 5 x 108 cells by the method of Nakamura et al. (18) and passed through an oligo(dT)-cellulose column. Hybridization Studies. DNAs were subjected to electrophoresis in 0.75% or 1.2% agarose, transferred to nitrocellulose filters, and analyzed as described by Southern (19) . RNAs were subjected to electrophoresis in 1.2% agarose gel containing 6.6% formaldehyde, blotted onto nitrocellulose filters, and analyzed as described by Maniatis et al. (20) . Hybridizations were done under stringent conditions with a nick-translated 32P-labeled whole HBV DNA probe prepared from pBRHBadr4 (21) (specific activity, 1 x 108 cpm/,ug) or 32P-labeled strand-specific riboprobes transcribed by the SP6 promoter system (5 x 108 cpm/,ug; Amersham).
RESULTS
Preparation of a Cell Line HB611 That Produces HBsAg and HBV e Antigen (HBeAg). If HBV genome replicates by reverse transcription as suggested, the integrated viral genome might also serve as a template for replication, as is known to occur with retroviruses. Therefore, we have constructed hepatic cells that carry an integrated HBV genome and that would allow synthesis of the viral RNA under the control of its own promoter. Production of DNA polymerase (reverse transcriptase) and other components will then occur, and progeny virus will be produced when the host cell supplies materials needed for virus multiplication. We chose Huh6-c15 cells because this cell line carries no HBV DNA and it maintains several differentiation markers specific for hepatocyte cells (14) . For the synthesis of 3.5-kb RNA, at least two tandemly repeated HBV genomes are necessary when they are integrated in the chromosome. We chose 3HB-neo, which carries the viral genome in three tandemly repeated forms (Fig. 1 ). The DNA was added to the Huh6-c15 cells and transfectants were selected by the neomycin-resistance phenotype. The G-418-resistant colonies appeared with an efficiency of 4 x 10-5 per cell. About 150 G-418-resistant clones were obtained, and nine clones that were stably producing HBeAg in the culture medium were selected ( Table 1 ).
The number of HBV DNA integrated in these cells varied between 1 and 10, but those cells that produced viral antigens invariably carried at least one set of tandemly arranged HBV DNA. As shown in Table 1 , the production level of the viral antigens was not in parallel with the number of integrated Fig. 2 . 3HB-neo was derived from a plasmid pSHB3 (22) that carries three tandemly arranged complete HBV genomes (thick arc) in pBR322 (thin arc). The HBV sequence, whose map is expanded out of the circle, is originated from pBRHBadr4 (21), whose HBsAg subtype is adr. The genes for HBsAg and HBcAg are shown with open arrows marked S and C, respectively. The promoter (closed triangle marked P) for the 3.5-kb RNA located upstream of the C gene is also shown (see text). To construct 3HB-neo, the simian virus 40 sequence, originally present in pSHB3, was substituted by the neomycin-resistant gene (open arc). The linear map is shown above the circle. A 1.7-kb Bgl II/BamHI fragment of the neomycin-resistant gene obtained from Tn5 (NEO; see ref. 23) was joined with a 0.5-kb BamHI/Bgl II fragment carrying the thymidine kinase promoter (Ptk; closed triangle) of herpes simplex virus (24) . The resulting 2.3-kb BamHI fragment carried the bacterial neomycin-resistant gene under the control of Ptk. The fragment, whose BamHI ends were filled with T4 DNA polymerase, was inserted into the EcoRI site on pSHB3 that was filled similarly (the junctions are shown as B/E). The ampicillin-resistance gene (AMP) and replication origin of pBR322 (ori) are shown. Arrowheads with B, E, G, H, and X represent, respectively, the sites of restriction endonucleases, BamHI, EcoRI, Bgi II, HindIII, and Xho I. Open bars on both sides in b represent the host chromosomal DNA flanking the integrated DNA. The two broken arrows under the map represent the regions transcribed into the 3.5-kb mRNA or pregenome, starting from P in a (see text). viral genomes, suggesting that it is the location on the host chromosomes that influences the expression of the viral genome. Four clones-HB258, HB305, HB458, and HB611-demonstrated HBV DNA in Hirt extract (fifth column), suggesting that they carry extrachromosomal HBV DNA. These four clones were also high producers of HBeAg suggesting strongly that they were propagating the virus. In vivo, it is known that HBeAg production parallels virus DNA synthesis as detected by Dane particle production (25) . Among the nine clones, HB611, the highest producer of HBsAg and HBeAg and a carrier of extrachromosomal HBV DNA, was chosen for subsequent studies. So far as we have analyzed, there are no effects of virus expression on the viability and the division time of this cell line.
The Integrated HBV DNA in HB611. To see the structure of Cells were grown to confluency and HBsAg and HBeAg, accumulated for 3 days in the medium, were assayed using commercial EIA kits (Abbott). Titers are expressed as the ratios against cut-off values (=A492 of negative control +0.060 for HBsAg, and +0.050 for HBeAg). Values above 2.1 were considered positive, which is roughly equivalent to the production of 10 ng of HBsAg per ml in a particle form. Quantitation between the titer and concentration of HBeAg have not been attempted. DNAs from the transfectants were prepared and analyzed according to Southern (19) . Numbers of a set of three tandemly repeated HBV DNAs in the cells (fourth column) were measured by the numbers and intensities ofbands that appeared by EcoRI digestion, which cleaves outside the HBV genome. Extrachromosomal HBV DNA was detected by Southern hybridization using Hirt DNA extracts prepared from 5 x 106 cells. The assay detects extrachromosomal HBV DNA at a concentration of >0.1 copy per cell. -, Cell lines that could be producing extrachromosomal DNAs below this level. HB401 is a control that is resistant to G-418 but produces no HBV antigens. the integrated HBV DNA in HB611, total cellular DNA was prepared and subjected to Southern blot analyses. In Fig. 2 , the nondigested DNA sample (lane 1) demonstrates that some of the HBV DNA migrates slowly with chromosomal DNA, indicating that it is in an integrated form. The same sample also has some fast-migrating components at positions between 2.5 and 3 kb, which are similarly observed in the Hirt extracted samples (see Fig. 3 ), corresponding to extrachromosomal DNAs. These components represent the mature or intermediate replication product of HBV DNA as judged from the digestion patterns of restriction enzymes (see 1 below). Digestion of the DNA with EcoRI or HindIII (lanes 2 and 3), neither of which cleaves inside of the HBV DNA, each produced single high molecular weight bands of 25 and 15 kb, respectively. Therefore, the tandemly repeated HBV DNA must have been integrated at a single locus on the host chromosome. Digestion with BamHI (lane 4), which was used for insertion ofthe HBV DNA into 3HB-neo and cleaves at one site within each of the HBV genome DNAs, produced a 3.2-kb band and no additional bands. Digestion with Xho I or Bgl II (lanes 5 and 6) , which cleaves at one or two sites within the HBV genome DNA, produced 3.2-kb and 2.8-kb fragments, originating by the cleavage of the tandem HBV DNA. Flanking fragments containing the fractions of HBV sequence appeared as additional bands in these two samples. These results can be summarized as shown in Fig. lb and show that the original structure of the tandemly arranged HBV DNA linked to the neomycin-resistant gene has been conserved upon integration into the host chromosome. The sum ofthe intensities of the fast-migrating bands was roughly equal to that of the integrated DNA bands. Therefore, the amount of extrachromosomal HBV DNAs was estimated to be in the range of two to three copies per cell. No rearrangements or amplification of the integrated HBV DNA was observed in subsequent culturing of the cells for more than 6 months (data not shown).
The Structures of Extrachromosomal HBV DNAs. HB611 cells were subjected to Hirt extraction. In the absence of Pronase E treatment, no HBV DNA was recovered (data not shown), indicating that the viral DNA is tightly bound to proteins, as is shown with DNA in HBV virions or in core particles in the infected liver (26) . Fig. 3a shows that the DNA in Hirt extract without (lane 1) or with Bgl II or BamHI treatments (lanes 3 and 4) behaved identically to the fastmigrating DNAs in Fig. 2 . At least three bands are seen in nondigested DNA. They are termed D2, D1, and S. Among these, band S may be the viral minus strand in the singlestranded form, since it hybridized only to the plus strand probe (Fig. 3b, lane 1) , did not change by heating (Fig. 3a,  lane 2) , and was not cleaved by Bgl II or BamHI, which act only on duplex DNA. Bands D1 and D2 may represent partially double-stranded DNAs, since they disappeared upon heating (Fig. 3a, lane 2 and Fig. 3b, lanes 2 and 4) Fig. 5 . Arrowheads with S, D1, and D2 markers indicate, respectively, the location of single-stranded minus strand of HBV and two types of partially double-stranded HBV DNAs as explained in text.
hybridized to both plus and minus strand probes (Fig. 3b,  lanes 1 and 3) . Both D1 and D2 were resistant to digestion with BamHI, which cleaves the HBV genome at one site near gene X, whereas they were digested with Bgl II, which cleaves gene C, producing a 2-kb band. These results suggest strongly that D1 and D2 DNA consist of viral DNA whose C gene region is in the duplex form, whereas the X gene region is in the single-stranded form. Lane 4 shows that the denatured products of D1 and D2 formed band S and smears that migrated faster. The smear DNA hybridized only to the minus DNA probe. Thus, they represent the plus strand DNA shorter than the unit length of HBV genome (Fig. 3b, lane 4) . In contrast, most of the minus strand DNAs were in band S, which has the unit size (Fig. 3b, lane 2) . These results can best be explained by assuming that the extrachromosomal DNAs are the assembly of single-stranded minus strand and incomplete plus strand of various sizes. The idea is in complete agreement with the duck hepatitis DNA structure found in core particles (8) or with the HBV DNA in the infected human liver (27) . By comparison with those data, D1 and D2 are most likely to be the linear and circular DNAs, respectively. The closed circular form of HBV DNA has been reported as one of the major components in the infected liver and is thought to act as a template for HBV RNA synthesis (27) . However, such a component was not detectable in HB611 cells (Fig. 3c,  lanes 1 and 2) .
Analysis of the HBV Genome Transcripts in HB611.
Poly(A)+ RNA was prepared from HB611 cells and subjected to RNA blot analyses. As shown in Fig. 4 , three bands, 2.1, 2.4, and 3.5 kb in size, that hybridized to total HBV DNA probe were detected. The same result was obtained when a minus strand probe was used for hybridization (data not shown). These RNAs agree well with those detected in HBV-infected hepatocytes (12) . The 2.1-and 2.4-kb mRNAs correspond to the transcripts that are translated into HBsAg. The 3.5-kb mRNA represents the whole genome transcript plus some extra (9) , and it is believed to serve as an HBV pregenome for viral DNA replication. In Fig. 4 , a minor band of 5 kb is observed. This may represent the readthrough product from the tandemly arranged HBV genomes.
Production of Intracellular Core Particles and Dane-Like Particles in the Cultured Medium ofHB611. Since HB611 cells stably produced extrachromosomal HBV DNAs, RNAs, and viral antigens in substantial quantities, as do human liver cells, we expected that they may be producing core and Dane-like particles. The HB611 cells, when lysed with 0.2% Triton X-100, releases core particles that may correspond to the nucleocapsid of HBV. When the Triton lysate was subjected to a CsCl density-gradient centrifugation, the HBcAg/HBeAg activity was found around the density 1.30 g/ml, and the particle carrying HBV DNA was detected around the 1.35 g/ml fraction (data not shown). As judged FIG. 5 . Electron microscopy of particles produced and released from HB611 into culture medium. A 300-ml culture fluid of HB611 was concentrated and loaded on a discontinuous CsCl density gradient (from 15% to 39o at the interval of 4% in 24 ml) and spun in a SRP28SA rotor (Hitachi) at 25,000 rpm for 18 hr. The HBV DNA-positive fraction that banded at a density of -1.25 g/ml was pooled and subjected to second-cycle centrifugation (this time, a continuous 4.5-ml CsCl gradient was used) using an SW 50.1 rotor (Beckman) at 36,000 rpm for 24 hr. The materials contained in the fraction at a density of 1.25 g/ml were precipitated with anti-HBs antibody and examined by electron microscopy according to Hirschman et al. (29) . from the literature (28) , the former component corresponds to empty core particles and the latter component corresponds to full capsids. The electrophoretic pattern of DNA from the full capsids was similar to that observed with DNA in the Hirt extract described above (Fig. 3c, lane 3) .
We pooled the HB611 culture medium, condensed it, and subjected it to two cycles of CsCl density-gradient centrifugation. The main peak of HBsAg was detected around the density 1.20 g/ml. When the same sample was examined by dot blotting, fractions around density 1.25 g/ml were found to carry HBV DNA (Fig. 3c, lane 4) . Note that the Dane particles band at a density of 1.25 g/ml (28) . When this fraction was examined by immunoelectron microscopy, 40-nm particles were seen (Fig. 5 ). Some of them even show double-shelled structures characteristic of Dane particles (30) . Thus, it is highly likely that the HB611 cells produce Dane particles.
DNAs that were detected in core and Dane particles consist of the same three components D1, D2, and S, as do those observed in the Hirt extract. However, the relative ratios were not the same. The S component was abundant in core particles, whereas D1 and D2 were more prominent in Dane particles, showing that in HB611 cells the transition of replicating HBV DNA from the single-stranded form into the partially duplex form takes place during viral particle formation. DISCUSSION We showed that a cultured cell line originating from a human hepatoma cell has incorporated a tandemly arranged HBV genome and allowed expression ofthe HBV genes, producing the HBV DNAs whose structure is indistinguishable from the ones detected in the infected liver cells (8, 27) . The products were packaged into virions or core particles. The cells also produced species of HBV mRNA, probably along with all the viral proteins that are detected in the infected liver.
Nozaki et al. (22) transfected the same tandemly arranged HBV DNAs into mouse L cells but observed no propagation of HBV DNA. A large amount of HBsAg was produced, but production of HBeAg was scarce. This difference is likely to reflect the presence of a specific factor(s) in the human hepatoma cell. Examination of other cell lines that can or cannot support propagation of HBV in an analogous system will be important for finding the specific cellular factors needed for HBV replication. Recently, an enhancer sequence on HBV was described that specifically acts in hepatocytes (31) . It could be this sequence that requires the hepatocytespecific factor. It will be of interest to know if this factor that enhances the transcription of HBV genome suffices for propagation, or if other factors are needed also. If a single factor hypothesis is correct, it is possible to construct a cell line that produces the factor and allows propagation of HBV.
An important contribution of this work is the finding that chromosomally integrated HBV genome suffices to allow viral replication. Extachromosomal HBV DNAs detected in HB611 cells consisted of mixtures of the single-stranded minus DNA strand and the partially double-stranded viral genome, which were recovered only in the core and Dane particles. The corresponding DNA molecules have been detected in the virus particles prepared from patient sera. It is hard to doubt that the extrachromosomal HBV DNA detected in capsidated form in HB611 cells are the replication products. These observations are in line with the idea that HBV DNA replicates by using the pregenome mRNA, as inferred from the finding of the RNADNA hybrid (8) .
In HB611 cells, extrachromosomal HBV DNAs in closed circular form have not been detected. This differs from the DNA population observed with the infected liver, wherein a substantial fraction of the extrachromosomal DNA is in closed circular form, which is believed to act as the template for viral gene expression (13, 27) . In the HB611 cell system, such functions for the propagation of HBV must have been substituted by the integrated genome. We have observed no evidence that the released particles reinfect HB611 cells and replicate. This observation seems to be in line with the absence of the closed circular DNA in HB611 cells.
As far as we know, this is the first stable cell line described that continuously propagates HBV. Faithful replication reactions occur in HB611 cells after the synthesis of pregenome RNA. Up to now, many efforts have been made using mostly patients' liver or unstable carrier cells to elucidate the mode of gene expression control, DNA synthesis, production of viral proteins, and virions. Therefore, the present cell line that stably expresses the viral components may serve as a model system for detailed studies with HBV replication processes.
